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Preface

Inflammation is a response that allows the body to identify and eliminate harmful stimuli
such as pathogens, damaged cells, irritants, or toxic substances® 3¥. It begins with coordinated
vascular and cellular events. These include increased vascular permeability, the release of pro-
inflammatory mediators, and the rapid recruitment of neutrophils to inflamed tissues. Together,
these processes lead to the classical signs of redness, swelling, heat, pain, and functional

impairment® 3D, Inflammation is commonly divided into acute and chronic phases'®

. During the
acute phase, neutrophils are rapidly recruited to the inflamed tissue through a tightly regulated
sequence of interactions between adhesion molecules expressed on both neutrophils and
endothelial cells. These interactions mediated by selectins, integrins, and members of the
immunoglobulin superfamily, coordinate neutrophil tethering, rolling, firm adhesion, and

transendothelial cell migration'®

. In addition to eliminating pathogens, neutrophils also release
cytokines that affect other immune cells and contribute to the resolution of inflammation3?.

Depending on the severity and persistence of the stimulus, the acute response may be
sufficient to restore tissue homeostasis, or it may progress to a chronic state characterized by
mononuclear cell infiltration, progressive tissue injury, and fibrosis”. Chronic inflammation has
been associated with a wide range of diseases, including arthritis, asthma, atherosclerosis,
autoimmune disorders, diabetes, cancer, and age-related degenerative conditions'®. Moreover,
systemic inflammation can result in acute complications such as lung and renal injury,
encephalomyelitis, colitis, and endotoxemia'®. Excessive or uncontrolled inflammation may lead
to physiological disturbances, tissue destruction, organ dysfunction, or even death®. Given the
central role of neutrophils in initiating and amplifying these responses, a clear understanding of
the neutrophil recruitment cascade is essential.

Neutrophil recruitment and transmigration are regulated by a tightly coordinated multistep
cascade that directs circulating neutrophils from the bloodstream to sites of inflammation’”), as
schematically illustrated in Figure 1. This sequence begins with selectin-mediated tethering and
rolling on activated endothelial cells. Neutrophils express P-selectin glycoprotein ligand-1 (PSGL-
1), which binds endothelial E-selectin and P-selectin to establish the first adhesive contact®® 3773,
Rolling is further supported by neutrophil L-selectin, which facilitates secondary capture through
interacting with PSGL-1 on adjacent rolling neutrophils. In turn, this promotes slow and sustained

transit along the endothelium*® V. Selectin-PSGL1 interaction transduces an intracellular signal



that partially activates lymphocyte function-associated antigen-1 (LFA-1; CD11a/CD18). This
shifts the integrin from a low-affinity state to an intermediate-affinity state. Consequently, LFA-1
is enabled to bind intercellular adhesion molecule-1 (ICAM-1) on endothelial cells and support
slow rolling3?.

During rolling, endothelial cells secrete the chemokine C-X-C motif chemokine ligand 1
(CXCL1), which binds to C-X-C motif chemokine receptor 2 (CXCR2) on neutrophils, triggering
a rapid inside-out signaling cascade. CXCL1-CXCR2 engagement enhances inflammatory
responses, increases neutrophil recruitment, and prolongs neutrophil survival by reducing
apoptosis?” 79, This chemokine signaling promotes the transition of LFA-1 into its high-affinity
state!®:32.40.73) High-affinity LFA-1 is necessary and sufficient to mediate neutrophil arrest through
strong binding to endothelial ICAM-1 32:3%49_ Arrested neutrophils subsequently crawl along the
endothelial surface in response to ICAM-1 distribution and chemokine gradients before
transmigrating into tissues through either paracellular or transcellular route’” 4% 73, Efficient
clearance of migrated neutrophils is required to restore tissue homeostasis, whereas dysregulated
removal or persistent trafficking contributes to chronic inflammation and disease progression'™ 4%,

These insights have led to increasing interest in therapeutic approaches that modulate
inappropriate or prolonged inflammation responses. Several pharmacological strategies have been
proposed, including limiting the production of inflammatory mediators and further neutrophil
influx, accelerating the apoptosis of inflammatory cells, enhancing macrophage efferocytosis, and

controlling cytotoxic neutrophil effector function!> 4% 3%

. Based on these therapeutic concepts,
attention has focused on compounds targeting the adhesion pathway, as these early molecular
events largely determine the efficiency and magnitude of neutrophil recruitment. Fuzapladib
sodium hydrate (FZP), an LFA-1 inhibitor currently used in veterinary medicine?", and pentosan
polysulfate sodium (PPS), a heparin-like compound known to interfere with selectin-mediated
adhesion'! 22, have been proposed as potential modulators of neutrophil recruitment. Despite their
clinical relevance, broader effects of these agents on adhesion molecules and chemokine receptor
pathways in canine endothelial cells and neutrophils remain insufficiently defined.

Therefore, this thesis is structured to clarify the dose-dependent modulatory actions of FZP
and PPS on the multi-step neutrophil recruitment cascade in a cytokine-stimulated canine cell-

based in vitro model. To achieve this, a mechanistic approach will be employed: quantitative real-

time polymerase chain reaction (qQPCR) will be used to determine transcriptional changes in key



selectins (E-selectin, P-selectin), integrin ligands (ICAM-1) on endothelial cells, and neutrophil
adhesion molecules (CXCR2, PSGL-1, and L-selectin). Furthermore, the endothelial chemokine,
CXCLI1 protein, will be evaluated using Enzyme-Linked Immunosorbent Assay (ELISA), and
surface integrin LFA-1 (CD11a) expression will be quantified by flow cytometry. These molecular
findings will be functionally validated using a static adhesion assay to assess the final outcome on
neutrophil adherence to activated endothelial cells. The research is organized into two dedicated
chapters: Chapter I is focused on elucidating the effects of FZP, while Chapter II addresses the
actions of PPS.



Endothelial cell

- @ & o o o o o o' ° v = °5 °0 © © o' 0

Tethering Rolling Adhesion Migration
low affinity intermediate affinity
High affinity
Neutrophil 2 % Lif8 XCR2
> @ oj’i-seeeﬁno c > - &
P-selectin/” CXCLI ks

-selectin &
Extravasated
Neutrophil

Figure 1. Neutrophil recruitment cascade

The diagram illustrates the sequential steps by which neutrophils exit the bloodstream
during inflammation. Initial tethering and rolling are mediated by interactions between endothelial
P-/E-selectin, and neutrophil PSGL-1, with L-selectin supporting secondary capture. Exposure to
endothelial CXCL1 activates CXCR2 and induces LFA-1 affinity shifts, enabling firm adhesion
through binding to ICAM-1. After the arrest, neutrophils transmigrate across the endothelium into

the inflamed tissue.



Chapter 1

Effects of fuzapladib sodium hydrate on adhesion molecule expression in canine endothelial

cells and neutrophils

Summary

Neutrophil recruitment to inflamed tissue is mediated by adhesion molecules and
chemokine signaling. FZP has been reported to reduce neutrophil infiltration, but its broader effect
on adhesion molecules in dogs remains unclear. This study investigated the influence of FZP on
canine aortic endothelial cells (CnAOEC) and primary neutrophils under cytokine stimulation.
CnAOEC were treated with recombinant canine tumor necrosis factor alpha (rh-cTNFa) or
lipopolysaccharide (LPS) together with FZP, while neutrophils isolated from healthy dogs were
preincubated with FZP before rh-cTNFa stimulation. Expression of endothelial E-selectin, P-
selectin, and ICAM-1 was quantified by quantitative real-time polymerase chain reaction (QPCR).
Neutrophil CXCR2, PSGL-1, and L-selectin were also analyzed using qPCR. In addition, CXCL1
and LFA-1 were determined using Enzyme-linked immunosorbent assay (ELISA) and flow
cytometry, respectively. Neutrophil adhesion to endothelial monolayers was evaluated under static
conditions. The FZP significantly downregulated endothelial P-selectin at the highest dose,
whereas ICAM-1 was upregulated. In neutrophils, FZP decreased L-selectin and PSGL-1
expression at the highest concentration. These findings suggest that FZP selectively modulates
early adhesion through suppression of P-selectin, L-selectin, and PSGL-1, which would weaken
rolling and tethering interactions between cells. Although functional adhesion effects were limited,

these molecular responses provide further insight into the anti-inflammatory effect of FZP.



Introduction

Building on the broader overview of inflammation and neutrophil recruitment presented in
the preface, this chapter focuses on the therapeutic modulation of adhesion molecules that
coordinate neutrophil-endothelial cell interactions. Neutrophil extravasation is directed by a series
of adhesive events occurring where circulating leukocytes and the vascular endothelium intersect.
When these adhesive pathways become dysregulated, neutrophils may accumulate excessively in
tissues or contribute to systemic inflammatory injury'®. These observations highlight the
importance of regulating the adhesion processes that direct neutrophil recruitment, particularly in
conditions where excessive recruitment aggravates inflammation.

Among therapeutic approaches, inhibition of adhesion molecules has been recognized as a
promising strategy for limiting neutrophil-mediated inflammation** *”, FZP, an LFA-1 inhibitor,
represents one such agent. By interfering with LFA-1-mediated firm adhesion, FZP suppresses
neutrophil accumulation and is currently approved for the treatment of canine pancreatitis in the
United States of America and Japan?!>3). Preclinical studies in rat and canine models have shown
that FZP reduces the severity of pancreatic injury by decreasing neutrophil infiltration® 24,
Additionally, an in vitro study using human umbilical vein endothelial cells (HUVEC) and HL-60
cells showed reduced neutrophil-endothelial adhesion after LPS stimulation and FZP treatment.
This effect is commonly associated with a downregulation of LFA-1 expression®”. Combined,
these findings indicate that FZP has the potential to modulate early inflammatory responses
through its effects on adhesion pathways.

Despite this evidence, major gaps remain in understanding the broader effects of FZP on
the adhesion molecules that mediate neutrophil recruitment. Existing studies have focused
primarily on LFA-1, even though neutrophil extravasation depends on multiple adhesion
molecules such as E-selectin, P-selectin, ICAM-1, CXCR2, PSGL-1, and L-selectin. These
molecules act sequentially during tethering, rolling, firm adhesion, and transmigration*>. Presently,
no study has examined the effects of FZP on these pathways in both endothelial cells and
neutrophils within canines. Most available information is derived from rodent models, alongside
studies performed in porcine and human cell systems?® 23 37- 6272 Given that FZP is clinically
used in dogs, clarification of its molecular effects, specifically in canine endothelial cells and
primary canine neutrophils, is essential. Furthermore, the dose-dependent characteristics of these

responses have not been fully examined.



In this chapter, effects of FZP on the expression of key adhesion molecules involved in
neutrophil-endothelial interactions were examined using a canine cell-based in vitro model. The
analyses include endothelial E-selectin, [ICAM-1, and P-selectin; neutrophil CXCR2, PSGL-1, and
L-selectin; and the surface expression of LFA-1 across multiple concentrations of FZP. By
addressing the lack of data on the broader and dose-dependent effects of FZP in canine
inflammatory cells, this chapter provided important insights into its potential mechanism of action
and would support more informed clinical use of FZP in conditions characterized by excessive

neutrophil recruitment.



Materials and Methods
Cell culture

For this study, CnAOEC (Cat. No Cn304-05; Cell Applications, Inc., San Diego, CA, USA)
were obtained as a cryopreserved vial at passage 2. In this study, CnAOEC from Passage 4 to
Passage 9 were used. The cells were cultured in the Canine EC Growth Medium (Cat. No. Cn211K-
500; Cell Applications) according to the manufacturer’s instructions with a minor modification.
Briefly, CnAOEC were seeded at a density of 1.0 x 10* cells/cm? onto 100 mm culture dishes
(Corning, Lowell, MA, USA) coated with Attachment Factor Solution (AFS; Cat. No. 123; Cell
Applications). Fresh medium, pre-warmed to 37 °C, was replaced every other day. When cultures
reached 80-90% confluence, cells were washed three times with Hanks’ Balanced Salt Solution
(HBSS; Cat. No. 14025092; Thermo Fisher Scientific, Waltham, MA, USA) and detached using
Acutase solution (Sigma-Aldrich, St. Louis, MO, USA). The cell suspension was then centrifuged
at 400 x g for 5 minutes at 4°C without braking, and the cell pellet was resuspended in Canine EC
growth medium. Cell number and viability were assessed using the trypan blue exclusion method
(Wako Pure Chemical Industries, Osaka, Japan). Following this assessment, cells were expanded

and sub-cultured under identical conditions for subsequent experiments.

Canine neutrophil isolation

Ten milliliters of fresh whole blood were obtained from the cephalic vein of three healthy
female beagles, with the approval of the Ethics Committee of Hokkaido University (Approval No.
230104). This followed the institutional guidelines for the care and use of experimental animals.
Neutrophils were isolated from 10 ml of fresh, anti-coagulated KEDTA (Dojindo Laboratories,
Kumamoto, Japan) using Polymorphprep (Serumwerk Bernburg, Bernburg, Germany) through
density gradient centrifugation, following the manufacturer's protocol for human neutrophil
isolation (500 x g for 30 minutes at 20 °C). Residual erythrocytes were eliminated by the addition
of 1 ml of 1X RBC lysis buffer (Thermo Fisher Scientific) for 8 minutes at room temperature. This
was immediately followed by an addition of HBSS and centrifugation at 400 x g for 10 minutes.
The residual neutrophils were resuspended and calibrated to 4x10° cells/ml in the Roswell Park
Memorial Institute 1640 medium (RPMI-1640; Thermo Fisher Scientific), supplemented with
10% fetal bovine serum (FBS; Sigma-Aldrich) and 1% penicillin-streptomycin solution (Wako



Pure Chemical Industries). The isolated neutrophils were immediately used for the subsequent

experiment.

RNA extraction, reverse transcription, and quantitative polymerase chain reaction (QPCR)

The CnAOEC were cultured at a density of 2 x 10° cells per well in 6-well plates (Corning),
and the Canine EC growth medium was replaced every other day until the cells reached confluence.
The cells were subsequently treated in Canine EC Basal Medium (Cat. No. Cn210-500; Cell
Applications, Inc.) with either rh-cTNFa (30 ng/ml; Kingfisher Biotech, Saint Paul, MN, USA) or
LPS (100 ng/ml; Cat. No. 127-05141; Wako Pure Chemical Industries), each administered alone
or in combination with FZP (1, 10, or 100 pM; BRENDA, Ishihara Sangyo Kaisha, Ltd., Osaka,
Japan). Treatments were applied for 6 hours in a humidified incubator at 37°C with 5% CO.. After
incubation, the cells were washed three times with HBSS to remove residual medium, and total
RNA was then isolated.

Freshly isolated neutrophils, at a concentration of 1 % 10° cells/ml, were pre-incubated with
or without FZP at concentrations of 1, 10, or 100 uM in a humidified incubator with 5% CO: at
37°C for 24 hours. The cells were then stimulated with rh-cTNFa at 20 ng/ml for 1 hour. RPMI-
1640 supplemented with 10% FBS and 1% penicillin-streptomycin served as the negative control,
while rh-cTNFa treatment alone was used as the positive control. Following treatment, neutrophils
were washed once with phosphate-buffered saline (PBS; Cat. No. 10010023; Thermo Fisher
Scientific). Subsequently, the cells were lysed and stored at —70°C until all samples were collected,
after which RNA was extracted.

Total RNA was isolated utilizing the NucleoSpin RNA Purification Kit (Macherey-Nagel,
Diirren, Germany). The concentration of RNA was determined using a NanoEX Lite
spectrophotometer (Optima Inc., Tokyo, Japan) at a wavelength of 260 nm. Subsequently, 500 ng
of total RNA from CnAOEC and 50 ng from canine neutrophils were reverse-transcribed into
cDNA using the M-MLV RT Kit (Invitrogen, Carlsbad, CA, USA), following the manufacturer's
guidelines. A two-step qPCR was conducted with the KAPA SYBR FAST gqPCR Kit (KAPA
Biosystems, Woburn, MA, USA). The relative expression levels of target genes were determined

using the 2-4A¢t

method, with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) serving as
the housekeeping gene for normalization. The expression levels of adhesion-related genes, which
include E-selectin, ICAM-, P-selectin, CXCR2, PSGL-1, and L-selectin, were evaluated to

determine the impact of FZP on endothelial and neutrophil adhesion molecules. Primer sequences



are listed in Table 13 %Y, The qPCR assays consisted of three biological replicates for each
endothelial cell sample. Moreover, each sample comprised two technical replicates. For
neutrophils, the process was as follows. Blood was drawn from a dog on three separate occasions.
Each sample was used for two technical replicates. This process was repeated for a total of three

dogs.

Enzyme-linked immunosorbent assay (ELISA)

In an independent experiment, CnAOEC were inoculated onto 96-well plates (Corning)
coated with AFS at a density of 1 x 10° cells per well in 200 pl of the Canine EC Growth Medium
and incubated for 24 hours to allow cell attachment. Following incubation, the culture medium
was replaced with one of the following treatments: rh-cTNFa at 30 ng/ml, either alone or combined
with FZP at concentrations of 1, 10, or 100 uM, or with LPS at 100 ng/ml, either alone or in
combination with FZP (1, 10, or 100 uM). The Canine EC Basal Medium without stimulants or
FZP served as the negative control. All procedures were conducted in a humidified incubator at
37°C with 5% COs.. After 24 hours of stimulation, the concentration of secreted CXCL1 protein in
the culture medium was quantified using the Canine CXCL1 ELISA kit (RayBiotech, Inc.,

Norcross, GA, USA) according to the manufacturer's instructions.

Flow cytometry

In a separate experiment, neutrophils used in this experiment were isolated from three dogs.
For each dog, the experiment was conducted in three separate runs. Fresh isolated neutrophils were
subjected to the same pre-incubation and stimulation protocol as described above for the qPCR
assay. Following this protocol, the cells were washed once with PBS. Subsequently, 3 % 10° cells
were resuspended in PBS containing 10% goat serum (Thermo Fisher Scientific) and incubated at
room temperature for 20 minutes to reduce nonspecific antibody binding. The cells were then
stained with PE-conjugated mouse anti-human CD11a monoclonal antibody (clone HI111, mouse
IgG1; BD Biosciences, San Diego, CA, USA) or PE-conjugated mouse IgG1, k isotype control
(clone MOPC-21; BD Biosciences) for 10 minutes under light-protected conditions. After staining,
the cells were washed twice with PBS containing 10% goat serum. Two microliters of 7-
Aminoactinomycin D (7-AAD; BD Biosciences) were then added to the stained cell suspension in
200 pl of PBS containing 10% goat serum and subsequently incubated for 10 minutes. Flow

cytometric analysis was performed using a BD FACSLyric™ Flow Cytometer (BD Biosciences).
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Static adhesion assay

A static adhesion assay, modified from a prior human investigation®”, was conducted to
assess the impact of FZP on neutrophil adherence to endothelial cells. Within this experiment,
CnAOEC were seeded at a density of 1 x 10* cells per well in 96-well plates. The Canine EC
Growth Medium was replaced every other day until the cells reached 100% confluence. Once
confluent, the cells were pre-incubated for 3 hours with FZP at doses of 1, 10, or 100 uM, or the
Canine EC Basal Medium as a control. Following pretreatment, the cells were exposed to rh-
cTNFa at a final concentration of 30 ng/ml and incubated for 4 hours. Freshly isolated neutrophils
were labeled with Calcein-AM (Dojindo Laboratories). The labeled neutrophils, at a concentration
of 1 x 10° cells per well, were then coincubated with treated CnAOEC for 20 minutes. All
incubations were performed at 37 °C in a humidified incubator with 5% CO.. Fluorescence
intensity (FI) at an excitation wavelength of 485 nm and an emission wavelength of 520 nm was
measured using a GloMax Discover microplate reader (Promega, Madison, WI, USA). This
measurement was performed before the washing step to determine the total cell count. The cells
were then gently washed twice with HBSS to remove non-adherent neutrophils. Subsequently, 100
ul of RPMI-1640 solution was added to each well, and fluorescence was re-evaluated. Neutrophil
adhesion was calculated as the relative adherence by examining the FI before and after washing
using the following equation:

Prewash FI of sample — Prewash FI of Background
(Prew f P i f g ) x 100 = % Adherence

(Postwash FI of sample — Postwash FI of Background)

% Adherence of treatment Relati ih
= Relative adherence

Average % Adherence of positive control
Similar to the previous experiment, neutrophils were isolated from three healthy dogs, and
the experiment was independently repeated three times for each dog. Each repeat included five

treatment conditions, with six technical replicates per condition.

Statistical analysis

All data are presented as mean # standard deviation (SD). Statistical analyses were
conducted using GraphPad Prism 10.0 software (GraphPad Software, San Diego, CA), and a p-
value < 0.05 was considered statistically significant for all tests. The assumption of a normal
distribution was assessed using the Shapiro-Wilk test. A repeated-measures (RM) one-way

analysis of variance (ANOVA) followed by Tukey's multiple-comparison test was used to analyze

11



normally distributed data. In case the assumption of normality was violated, the Friedman test in

combination with Dunn's test was employed instead.
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Results
Effect of FZP on adhesion molecule gene expression in cytokine-induced CnAOEC

The qPCR was conducted to assess the effect of FZP on the expression of endothelial
adhesion molecules, specifically: E-selectin, ICAM-1, and P-selectin in CnAOEC stimulated with
rh-cTNFa or LPS. All expression levels were compared to those of the corresponding positive
control. The results indicated that stimulation with both LPS and rh-cTNFa markedly increased
the messenger ribonucleic acid (mRNA) levels of all target genes compared to the negative control
(data not shown).

Across both stimuli on the CnAOEC for 6 hours, the result illustrated that FZP did not
reduce E-selectin transcription level relative to the stimulus control. Under LPS stimuli, the mean
fold was set at 1.00, while the treatment groups showed mean values of 0.79, 0.85, and 1.40 for
FZPat 1, 10, and 100 uM, respectively, as shown in Figure 2A. None of the doses were statistically
significant compared to the LPS control group (p > 0.347). Among the treatments, the 100 uM
group values increased compared to the 1 uM group (p = 0.027), yet other pairs were not significant.
In the rh-cTNFa-stimulated group (see Figure 3A), the statistics showed no difference between
treatment groups versus the positive control (p > 0.395) and no difference among the treatments
(p > 0.534). The mean folds were 1.00, 0.82, and 0.95 for 1, 10, and 100 uM of FZP, respectively.

ICAM-1 gene expression relative to the positive control exhibits a similar pattern in the
LPS-exposed group as E-selectin, illustrated in Figure 2B. The mean fold was 1.00, 0.95, 0.86,
and 1.56 for LPS and FZP concentrations of 1, 10, and 100 puM, respectively. The statistical
analysis showed no significant effect of the ICAM-1 gene expression after being challenged with
all treatments compared to the LPS treatment alone (p > 0.347). However, ICAM-1 was
significantly upregulated in the 100 uM group compared to the 10 uM group (p = 0.027). Other
pairwise comparisons were not significant. For the rh-cTNFa treatment groups, the mean fold
versus rh-cTNFa alone was 0.99, 0.81, and 1.39 at 1, 10, and 100 uM of FZP, respectively, as
shown in Figure 3B. These results revealed that FZP at 100 uM concentration significantly
increased ICAM-1 gene expression level compared to both the positive control (p = 0.007) and the
FZP 1 uM treatment group (p = 0.039). There were no significant differences between other
pairwise comparisons (p > 0.359).

P-selectin mRNA expression level was highlighted across both stimuli, as it illustrated an

inverse-dose response. The results of the LPS-challenged group indicated that the mean fold
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against the isolated LPS treatment was 1.09 (1 uM), 1.21 (10 uM), and 0.84 (100 uM), visible in
Figure 2C. The statistical calculations showed that 100 tM concentration had a significant effect
in reducing P-selectin expression levels compared to the 10 uM group (p = 0.024). However, other
pairwise comparisons were not statistically significant (p > 0.052). For the rh-cTNFa treatment
groups, the mean fold change compared to the positive control was 1.07, 0.90, and 0.69 for FZP at
1, 10, and 100 uM, respectively, in a dose-dependent pattern. Figure 3C visualizes this pattern.
The statistical results displayed that P-selection was downregulated after incubation with FZP 100
UM compared to both incubations with rh-cTNFa alone (p = 0.009) and FZP 1uM (p = 0.046).

However, all remaining pairwise comparisons were not significant (p > 0.157).

Effect of FZP on CXCL1 protein expression in cytokine-induced CnAOEC

The concentration of CXCL1 protein was quantified using the Canine CXCL1 ELISA kit
to determine the effect of FZP on cytokine-induced CnAOEC. The conducted ANOVA test showed
no significant effect of treatment on CXCL1 expression in LPS-stimulated samples (p = 0.286),
illustrated in Figure 4A. On the other hand, there was statistical significance in the overall effect
of treatment in the rh-cTNFa-challenged group (F(1.16, 2.32)= 20.14, p = 0.035), visualized in
Figure 4B. However, Tukey's post-hoc comparisons test did not identify a significant comparison

between any pair (p > 0.054).

Effect of FZP on adhesion molecule gene expression in cytokine-induced canine neutrophils

The effect of FZP on neutrophil adhesion molecule gene expression, including CXCR?2,
PSGL-1, and L-selectin, was evaluated using neutrophils isolated from three healthy dogs. For
each dog, experiments were independently repeated three times. Expression values were
normalized within the dogs to the rh-cTNFo—stimulated condition. Subsequently, the gene
expression data were averaged for each dog before statistical analysis.

The results of this analysis are shown in Figure 5. It highlights that FZP did not significantly
affect CXCR2 gene expression across 1, 10, and 100 uM, with relative fold changes of 0.92, 0.80,
and 0.88, respectively (p > 0.368). This is illustrated by Figure SA. For PSGL-1, expression
increased at 1uM (1.40-fold) and declined at 10 and 100 uM (0.94- and 0.53-fold, respectively),
visible in Figure 5B. When comparing each result with rh-cTNFa, there was no statistical
significance (p > 0.064). However, 100 uM was significantly lower than 10 uM (p = 0.037). L-

selectin revealed a similar pattern, showing relative fold changes of 1.81, 0.88, and 0.54 (1, 10,
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and 100 pM, respectively). Importantly, expression at 100 pM was significantly lower than that of
the rh-cTNFa-stimulated control (p = 0.005), as visualized in Figure 5C.

Effect of FZP on LFA-1 on rh-cTNFa-induced canine neutrophils

This study examined the effect of FZP on the surface expression of LFA-1 (CDlla
component) in canine neutrophils. Neutrophils were isolated from three dogs, and three
independent experiments were performed for each animal. The mean value from each dog was
used for statistical analysis. The effect of FZP on the mean fluorescence intensity (MFI) of CD11a
is shown in Figure 6A. The mean MFI of the rh-cTNFa control group was 2,818. The FZP-treated
groups were 2,892, 2,685, and 2,250 at FZP 1, 10, and 100 uM, respectively. The statistics
indicated that there was no significant difference in overall treatment effect (p = 0.727). In addition,
the flow cytometric analysis also revealed two distinct populations of CD1la-positive cells,
characterized by either low or high CD11a expression (Figure 6B). Consequently, the effect of FZP
on the CD11a expression population was determined. The mean percentage of live cells with low
CDl11a expression was 49.59% in the rh-cTNFa-stimulated group and 49.15%, 53.83%, and
66.70% following FZP treatment at 1, 10, and 100 uM, respectively (Figure 6C). Conversely, the
proportion of live cells showing high CD1la expression was 37.59%, 47.30%, 42.23%, and
41.41% for the rth-cTNFa control, FZP at 1, 10, and 100 uM groups, respectively, as exhibited in
Figure 6D. The results revealed no statistical significance in both the low (p = 0.253) and high-

expression (p = 0.608) populations between any pairs of comparisons.

Effect of FZP on static neutrophil adherence to rh-cTNFa induced CnAOEC

Given the observed downregulation of P-selectin on endothelial cells following treatment
with FZP, the potential effect on neutrophil adhesion to rh-cTNFa-stimulated CnAOEC under
static adhesion conditions was further investigated. For this experiment, the CnAOEC at passages
4-9 were used. Calcein-AM-labeled neutrophils, isolated from three healthy beagles, were applied
to the endothelial cell monolayer following treatment. Three independent experiments were
performed for each dog, and the mean per dog was used for statistical analysis.

The results, shown in Figure 7, indicated a marked increase in neutrophil adhesion to
CnAOEC in all th-cTNFa-challenged groups compared to the negative control, the Canine EC
Basal Medium (data not shown). Furthermore, the effect of different concentrations of FZP on

neutrophil adhesion was evaluated. Overall, there was no statistically significant difference in
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adhesion among the treatment groups (p = 0.446). A slight numerical reduction in adhesion was
observed at 100 uM of FZP compared to the rh-cTNFa positive control. However, this is not
statistically significant. Subsequent pairwise comparisons confirmed the lack of significance

between any of the groups (p > 0.683).
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Table 1. Primer sequences for qPCR

Primer Primer sequence Reference

Forward: 5 AGCTGCCTTAATCCCCTCAT 3’

CXCR2 34)
Reverse: 5' CTGAACCTGCTGGGAAACTC 3’
Forward: 5' GAAATTCTTGGCCCGTCCATC 3’

E-selectin 44)
Reverse: 5" ATGCAGCCAGCACTTAATCTGAAAC 3’
Forward: 5' TGTCCCCACCCCCAATGTATC 3’

GAPDH 44)
Reverse: 5 CTCCGATGCCTGCTTCACTACCTT 3’
Forward: 5' CAGGGTTGCCAGGTACAGTT 3’

ICAM-1 44)
Reverse: 5 AGTATGGGCTCAGTGGGTTG 3’
Forward: 5' GATTTCAACAGGACCAGCAGCA 3’

L-selectin 44)
Reverse: 5 CCGCAGGGTCCACAAGTAAGA 3’
Forward: 5' TTCTGGCTGAGATGGCGATG 3’

PSGL-1 44)
Reverse: 5 AGAGTGGCTGGCTCTGGAGTTC 3’
Forward: 5' TACAACACCAGCTGTCGCTTCC 3’

P-selectin 44)

Reverse: 5 GTGCTGTCCACTGTCCCAAGTC 3’

CXCR2: C-X-C motif chemokine receptor 2; GAPDH: glyceraldehyde-3 phosphate

dehydrogenase; ICAM-1: intercellular adhesion molecule-1; PSGL-1: P-selectin

glycoprotein ligand-1
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Figure 2. Effects of FZP on adhesion molecule expression in LPS-treated CnAOEC.
CnAOEC were stimulated with LPS (100 ng/ml) alone for 6 hours or in combination with
FZP (1, 10, or 100 uM). The mRNA expression of (A) E-selectin, (B) ICAM-1, and (C) P-selectin
was analyzed by qPCR and normalized to the LPS control set to 1.0. The data represent the mean
+ SD from three independent experiments. Statistical significance was assessed using RM one-
way ANOVA with Tukey’s post-hoc test, or the Friedman test with Dunn’s correction when

normality was not met. *p < 0.05 versus the indicated groups.

18



A) E-selectin B) ICAM-1
Kk
| % |
= 1.5 -
) ns §15 [ _-r_l
3 Lo
T, —
3 1.0 1 $ 1.0- ud
z s
ﬂé [
0.5- E 0.5
s g
k= s
] )
“ o ! ! & o- T T
> N >
S W KN 8 & Q‘§ e‘}\&\
S 4\3 A2 Q" 6_90 A2 1‘,2\ Q"Q
«\‘QG @& o & « ¢x<‘ &
& & A & & *
& & R N
& & &
C) P-selectin
Kk
| |
§1.5- *
e | 1
°©
§ 1.0 —
<
2
=
° 0.5
2
k-
&
0- T T
A
N \Q\& e‘}\‘\ e‘}‘x\
Q(‘ 13 Q'\ ,\Q
Qérb xQ xéb Q’\g
& RN
TE &S
< {(\ 800

Figure 3. Effects of FZP on adhesion molecule expression in rh-cTNFa-stimulated CnAOEC.

CnAOEC were challenged with rh-cTNFa (30 ng/ml) alone for 6 hours or combined with
FZP (1, 10, or 100 uM). The mRNA expression of (A) E-selectin, (B) ICAM-1, and (C) P-selectin
was quantified by qPCR and normalized to the rh-cTNFa control (set to 1.0). Data are presented
as mean + SD from three independent experiments. Statistical significance was assessed using RM
one-way ANOVA followed by Tukey’s multiple comparison test. *p < 0.05, **p < 0.01 versus the

indicated groups.
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Figure 4. Effects of FZP on CXCL1 protein expression in CnAOEC.

CnAOEC were stimulated with (A) LPS (100 ng/ml) or (B) rh-cTNFa (30 ng/ml), either
in isolation or combined with FZP (1, 10, or 100 uM) for 24 hours. CXCLI1 levels in culture
supernatants were measured using a Canine CXCL1 ELISA kit. Data represent mean + SD from
three independent experiments. Statistical significance was determined by RM one-way ANOVA

with Tukey’s multiple comparison test (p > 0.05).
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Figure 5. Effects of FZP on adhesion molecule gene expression in cytokine-induced canine
neutrophils.

Neutrophils from three dogs were pre-incubated with FZP (1, 10, or 100 pM) for 24 hours
and then stimulated with rh-cTNF-a (20 ng/ml) for 1 hour. Gene expression of (A) CXCR2, (B)
PSGL-1, and (C) L-selectin was quantified by qPCR and normalized to TNF-o—stimulated controls.
Data represent mean + SD, averaged per dog. Statistical analysis was performed using RM one-

way ANOVA with Tukey’s test (*p < 0.05, **p < 0.01).
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Figure 6. Effects of FZP on LFA-1 (CD11a) expression in rh-cTNFo-stimulated canine
neutrophils.

Neutrophils were pre-incubated with FZP (1, 10, or 100 uM) for 24 hours and stimulated
with th-cTNFa (20 ng/ml) for 1 hour. (A) MFI of CD11a expression. (B) Representative flow-
cytometric plots showing distinct CD11a low and CD11a high subpopulations. (C, D) Quantitative
analysis of low- and high-expression populations, respectively. Each dog was tested in triplicate,
using the mean per dog. Data are mean + SD (n = 3). Statistical significance was assessed using
RM one-way ANOVA with Tukey’s test, or the Friedman test with Dunn’s correction. No

significant differences were detected (p > 0.05).
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Figure 7. Effect of FZP on static neutrophil adhesion to rh-cTNFa-stimulated CnAOEC.
CnAOEC were pre-incubated with FZP (1, 10, or 100 uM) for 3 hours and subsequently
stimulated with rh-cTNFa (30 ng/ml) for 4 hours. Calcein-AM-labeled neutrophils (1 x 10°
cells/well) were added and allowed to adhere for 20 minutes. Neutrophil adhesion was quantified
as relative fluorescence intensity before and after washing. Data represent mean + SD from three
dogs, each tested in three independent experiments. The mean per dog was used for statistical

analysis using the Friedman test with Dunn’s post hoc correction, observing no significant effect

(> 0.05).
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Discussion

This chapter examined the effects of FZP on canine endothelial and neutrophil adhesion
molecules relevant to neutrophil recruitment, with a focus on E-selectin, ICAM-1, P-selectin,
CXCL1, CXCR2, PSGL-1, L-selectin, and LFA-1. The results indicate that low concentrations of
FZP produced non-significant reductions in E-selectin and ICAM-1 gene expression, yet the
highest concentration produced an upward shift. These results are partially consistent with a
previous study in HUVEC, showing pretreatment with 1 pM FZP did not reduce ICAM-1 protein
expression following LPS stimulation®”. Among endothelial adhesion molecules, P-selectin
expression showed a clearer response. In rh-cTNFa-stimulated CnAOEC, FZP caused a dose-
dependent reduction, with significant suppression of P-selectin at the highest dose. On the other
hand, LPS-stimulated cells displayed mild increases at low concentrations followed by a non-
significant decrease. These findings suggest that the influence of FZP on endothelial adhesion
molecules may depend on both dose and cytokine context.

The CXCL1-CXCR2 axis, a crucial pathway in neutrophil biology, was also influenced by
FZP. CXCLI is a chemoattractant cytokine that recruits neutrophils through CXCR2, amplifies
inflammatory responses, and prolongs neutrophil survival by reducing apoptosis®”, and its
dysregulation contributes to the worsening of inflammation, fibrosis, and chronic injury in
multiple organs’®. In this study, both cytokines significantly increased CXCL1 protein levels in
CnAOEC. The FZP did not affect CXCL1 secretion under LPS stimulation, but the highest
concentration of FZP produced a downward trend under rh-cTNFa, suggesting a possible
suppression. Similar effects have been reported previously, in which FZP reduced cytokine-
induced neutrophil chemoattractant (CINC, the rat equivalent of CXCL1). These effect were
revealed in both in vitro (LPS-stimulated bronchoalveolar macrophages) and in vivo (cerulein-
induced pancreatitis in rats)’?. Given the critical role of the CXCL1-CXCR2 axis in neutrophil
recruitment and tissue injury, particularly in severe pulmonary conditions’ and in acute
pancreatitis where fibroblast signalling further enhances CXCL1 expression®”, even a partial
reduction of CXCL1 would have biological relevance by limiting neutrophil infiltration and
improving pathology in vivo and in vitro. The observed reduction in CXCL1 secretion suggests
that FZP partly has anti-inflammatory effects in modulating this chemokine axis. This
interpretation is further supported by preclinical studies showing reduced macrophage infiltration

in the ileal muscularis externa and decreased postsurgical inflammation following FZP treatment?>.
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Additionally, clinical data have reported improved outcomes in canine acute pancreatitis,
associated with reduced systemic neutrophil extravasation'?).

The functional relevance of these molecular changes was investigated in neutrophil
adhesion assays. As expected, rh-cTNFa increased neutrophil adhesion to endothelial cells.
Pretreatment of FZP caused a mild, dose-dependent reduction in adhesion that did not reach
statistical significance. This suggests that suppression of P-selectin transcription alone is
insufficient to inhibit adhesion under static conditions. Previous work has shown that although P-
selectin is essential for the initial tethering of neutrophils to endothelial cells, it is inadequate to
support firm adhesion without additional signals such as platelet-activating factors*®. Moreover,
P-selectin is implicated in various inflammatory disorders, including dermatitis, lung injury,
ischemia, myocardial damage, and arterial thrombosis '3 3% ). Thus, even without a significant
change under static conditions, reducing P-selectin would still be relevant in vivo, where
physiological flow and additional adhesion pathways operate in parallel.

On the neutrophil side, FZP appeared to reduce LFA-1 (CD11a) protein expression in a
dose-dependent manner by shifting cells from high to low CD11a expression, leading to an overall
decline in MFLI. This trend is consistent with earlier suggestions that FZP and related inhibitors can
reduce the activation of adhesion molecules such as LFA-1 and MAC-1 in LPS-stimulated HL-60
cells, thus limiting their conformational activation and adhesive function®”. At high concentrations,
FZP also decreased L-selectin and PSGL-1 mRNA expression. L-selectin is essential for leukocyte
rolling and secondary tethering between leukocytes® > 3% 60 while PSGL-1 cooperates with L-
selectin to activate LFA-1 and support the transition from rolling to firm adhesion®". This results
in the reduction of both L-selectin and PSGL-1, suggesting that FZP would affect neutrophil
recruitment by disrupting early adhesion. This interpretation is further supported by the established
role of L-selectin in directing lymphocyte migration through high endothelial venules®®).

Overall, the results presented in this chapter indicate that FZP modulates several
endothelial and neutrophil adhesion molecules in a dose-dependent manner. The most consistent
responses were the reduction of P-selectin expression, a downward trend in CXCLI1 secretion, and
decreased expression of LFA-1, L-selectin, and PSGL-1 at higher concentrations. Although several
findings did not reach statistical significance, the overall pattern suggests that FZP influences early
neutrophil recruitment through multiple adhesion and chemotactic signals rather than a single

dominant pathway. These observations contribute to a clearer understanding of how FZP
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modulates neutrophil-endothelial interactions in canine cells and define the scope within which

its anti-inflammatory activity could be interpreted in this thesis.
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Chapter 11

Effect of pentosan polysulfate sodium on adhesion molecule expression in canine endothelial

cells and neutrophils

Summary

PPS is a semi-synthetic sulfated polysaccharide with a heparin-like structure, known for its
anticoagulant and anti-inflammatory properties. This study investigated the effect of PPS on
adhesion molecules involved in neutrophil-endothelial interactions using an in vitro canine model.
CnAOEC and neutrophils were pretreated with various concentrations of PPS and stimulated with
rh-cTNFa. The mRNA expression of E-selectin, [CAM-1, P-selectin, CXCR2, PSGL-1, and L-
selectin was measured through qPCR. CXCLI1 secreted protein was quantified by ELISA. LFA-1
(CDl1a) expression was examined using flow cytometry. A static adhesion assay was used to
evaluate the effect of PPS on neutrophil adhesion to endothelial cells. In conclusion, PPS displayed
no cytotoxicity toward CnAOEC, and endothelial P-selectin expression was significantly reduced.
Other adhesion molecules showed no significant differences compared with controls. Secretion of
CXCL1 and neutrophil gene expression (CXCR2, PSGL-1, and L-selectin) varied slightly,
although without statistical significance. Yet, PPS did not affect CD11a expression or neutrophil
adhesion to endothelial cells. These results indicate that PPS was non-cytotoxic and would weakly
modulate selectin-mediated endothelial activation without affecting integrin- or chemokine-

dependent adhesion.
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Introduction

The previous chapter describes the central processes involved in neutrophil recruitment,
providing the foundation for understanding how pharmacological agents may affect adhesive and
chemokine-mediated events that initiate neutrophil-endothelial cell interactions. Within that
context, this chapter focuses on Pentosan Polysulfate Sodium (PPS), a compound with distinct
structural and clinical characteristics that suggest potential relevance for inflammatory modulation.

Pentosan Polysulfate Sodium is a semi-synthetic sulfated polysaccharide derived from
beech-wood hemicellulose??). It is classified as a low-molecular-weight heparin-like compound
with anticoagulant and fibrinolytic activity>®. In the clinical context, PPS is used across several
inflammatory conditions. Furthermore, it is an established treatment for interstitial cystitis® and is

also used for noninfectious arthritis!”> 29,

In both veterinary and human medicine, PPS is
recognized as a disease-modifying osteoarthritis drug (DMOAD) and is used for osteoarthritis and
other inflammatory disorders, as well as in the management of thrombotic and atherosclerotic
disease!!: 3D,

Experimental studies further support anti-inflammatory potential of PPS. In the virus-
induced arthritis model, PPS limits cartilage destruction and reduces leukocyte infiltration??).
Consistent with these findings, PPS has been reported to significantly reduce leukocyte influx>?

and decrease neutrophil accumulation within target tissues?s 28 63,

Taken together, these
observations indicate a broad potential for PPS to modulate inflammatory cell activity.

At the molecular level, PPS shares structural similarities with endogenous sulfated
glycosaminoglycans such as heparin and heparan sulfate?. Despite this similarity, PPS shows
lower anticoagulant potency than heparin while retaining anti-inflammatory capacity. Importantly,
PPS has been reported to interfere with selectin-associated cell adhesion??, linking its structural
characteristics to pathways involved in leukocyte-endothelial interactions. All of these clinical and
experimental findings support the possibility that PPS may modulate inflammatory responses by
regulating adhesion molecules.

Yet, most existing data on PPS have been conducted in rodents or derived from human
clinical research. Extrapolating such findings to dogs is challenging due to inherent species-
specific differences in immune responses and endothelial biology® 3. Comparative evidence

demonstrates that the regulation of key inflammatory markers, such as P-selectin synthesis and

major histocompatibility complex class II expression, differs significantly between murine and
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higher mammalian endothelial cells*®. Consequently, the precise pharmacological impact of PPS
on the canine vascular microenvironment remains insufficiently researched. Although the effect of
PPS on reducing generalized leukocyte infiltration is well-documented?® 26 28:53. 63 jts specific
effects on adhesion molecules in canine endothelial cells and neutrophils have not been fully
explored. Additionally, dose-dependent responses have not yet been established.

These knowledge gaps serve as the starting point for this study. More specifically, this
chapter examines the effects of PPS on the expression of selected adhesion molecules in canine
endothelial cells and primary neutrophils across various concentrations. The aim in this chapter is
to determine the potential relevance to neutrophil recruitment processes and to investigate the

corresponding dose-dependent effects.
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Materials and Methods
Canine aortic endothelial Cell culture

Canine aortic endothelial cells (CnAOEC; Cell Applications, Inc.) were obtained as
cryopreserved vials at passage 2. For this study, cells from passages 4 to 9 were maintained in the
Canine EC Growth Medium (Cell Applications, Inc.) following the manufacturer’s protocol with
minor adjustments. In short, CnAOEC were seeded at a density of 1.0 x 10* cells/cm? in 100 mm
culture dishes (Corning) pre-coated with AFS (Cell Applications, Inc.). The 10 ml of fresh
prewarmed at 37 °C of the Canine EC Growth Medium was replaced every other day. At 80-90%
confluence, CnAOEC were washed with HBSS (Thermo Fisher Scientific) three times, then the
cells were detached from the culture plate using Acutase solution (Sigma-Aldrich). The cell
suspension was centrifuged at 400 x g for 5 minutes without braking. The cell pellet was
resuspended in the Canine EC Growth Medium. Cell count and viability were assessed using the
trypan blue exclusion assay (Wako Pure Chemical Industries). Following this assessment, the cells

were sub-cultured according to the same established conditions.

Canine neutrophil isolation

Ten milliliters of fresh whole blood were collected from the cephalic vein of three healthy
female beagles into a syringe containing KoEDTA (Dojindo Laboratories). The procedure was
approved by the Hokkaido University Ethics Committee (Approval No. 230104) and conducted in
accordance with institutional animal care protocols. Neutrophils were isolated from anticoagulated
blood by density gradient centrifugation using Polymorphprep (Serumwerk Bernburg), according
to the company’s instructions for human neutrophil preparation (500 x g, 30 min, 20 °C). Residual
erythrocytes were removed by treating the cell pellet with 1 ml of 1x RBC lysis buffer (Thermo
Fisher Scientific) for 8 min at room temperature. The cells were then washed with HBSS and
centrifuged at 400 x g for 10 min. The neutrophil pellet was resuspended in RPMI-1640 (Thermo
Fisher Scientific) supplemented with 10% FBS (Sigma-Aldrich) and 1% penicillin—streptomycin
solution (Wako Pure Chemical Industries). Cell count and viability were evaluated using the trypan
blue exclusion assay. Freshly isolated neutrophils were immediately subjected to experimental

procedures.
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Cell viability cell counting kit-8 assay

The CnAOEC were seeded into 96-well plates (Corning) pre-coated with AFS at a density
of 5 x 103 cells/100 pl per well in six replicates and incubated in a humidified incubator with 5%
CO: at 37°C for 24 hours to facilitate cell adhesion. Following incubation, the cells were subjected
to treatment with either the Canine EC Basal Medium (Cell Applications, Inc.) as a negative
control, pentosan polysulfate sodium (PPS; Oji Pharma Corporation, Ltd., Tokyo, Japan, Lot No:
0J1225-01) at concentrations of 1, 10, 50, 80, or 100 pg/ml in the Canine EC Basal Medium, or
10% DMSO (Wako Pure Chemical Industries) as a positive control. Treatments were applied for
24 hours under identical incubation conditions. Cell viability was determined using CCK-8
(Dojindo Laboratories) according to the manufacturer’s instructions. Briefly, after the treatment
period, 10 pl of CCK-8 reagent was added to each well, and this was followed by a 4-hour
incubation period. Cell viability was subsequently evaluated by measuring absorbance at 450 nm
using a microplate reader (Bio-Rad Laboratories, Inc.). Viability values were normalized to blank

controls. All experiments were conducted in three separate trials.

RNA extraction, reverse transcription, and qPCR

The CnAOEC were plated into 6-well plates (Corning) pre-coated with AFS at a density
of 2 x 107 cells per well and cultured in Canine Endothelial Growth Medium, which was replaced
every other day until the cells reached confluence. Once confluent, the cells were pre-incubated
with either the Canine EC Basal Medium alone or supplemented with PPS at concentrations of 1,
10, 50, 80, or 100 ng/ml for 24 hours. After a pre-incubation, the PPS pre-treated groups were
exposed to rh-cTNFa (Kingfisher Biotech) at 30 ng/ml. This concentration was selected based on
preliminary dose-response experiments on CnAOEC demonstrating maximal endothelial
activation while maintaining high cell viability. The positive control group was treated with rh-
cTNFa alone, whereas the negative control was maintained in the Canine EC Basal Medium
without PPS or in rh-cTNFa. All cultures were incubated for 6 hours at 37 °C in a humidified
atmosphere containing 5% CO.. Following incubation, cells were washed three times with HBSS
to remove residual medium, and total RNA was subsequently extracted.

Freshly isolated neutrophils (1 x 10° cells/ml) were pre-incubated with either the RPMI-
1640 medium supplemented with 10% FBS and 1% penicillin-streptomycin solution, either alone

or with PPS at concentrations of 1, 10, or 50 pg/ml for 24 hours. After a pre-incubation, the PPS-
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treated groups were challenged with rh-cTNFa at 20 ng/ml for 1 hour. The positive control group
received only rh-cTNFa, while the negative control was maintained in RPMI-1640 containing 10%
FBS and 1% penicillin-streptomycin solution without PPS or rh-cTNFa. Following stimulation,
neutrophils were washed once with PBS (Thermo Fisher Scientific). The cells were then lysed and
preserved at -70°C until all samples had been collected for subsequent RNA extraction.

Total RNA was extracted using the NucleoSpin RNA Purification Kit (Macherey-Nagel)
according to the manufacturer’s protocol. RNA concentration and purity were determined using a
NanoEX Lite spectrophotometer (Optima Inc.) by measuring absorbance at 260 nm. Subsequently,
500 ng of total RNA from CnAOEC and 50 ng from canine neutrophils were reverse-transcribed
into cDNA with the M-MLYV Reverse Transcriptase Kit (Invitrogen), following the manufacturer’s
instructions. The qPCR was performed using the KAPA SYBR FAST qPCR Kit (KAPA
Biosystems) in a two-step amplification protocol.

The relative expression levels of target genes were quantified using the 2-24¢t method, with
GAPDH serving as the internal reference gene for normalization. Adhesion-related genes,
including E-selectin, ICAM-1, P-selectin, CXCR2, PSGL-1, and L-selectin, were analyzed to
evaluate the effects of PPS on endothelial and neutrophil adhesion molecules. Primer sequences
used in this study are listed in Table 13* 44, The gPCR experiments were performed using three
independent endothelial cell samples as biological replicates, and each sample was analyzed in
duplicate as technical replicates. For neutrophil analysis, blood was collected from each dog on
three separate occasions, and each sample was tested twice. This procedure was carried out for

three individual dogs.

5. Enzyme-linked immunosorbent assay (ELISA)

In a separate experiment, CnAOEC were plated in 96-well plates at a density of 1 x 10*
cells per well in 200 pl of the Canine EC Growth Medium and incubated for 24 hours to allow cell
attachment. The cells were then pre-treated with PPS for 24 hours and subsequently stimulated
with th-cTNFa at 30 ng/ml under the same treatment and control conditions as described in the
endothelial cell qPCR assay, with a stimulation period of 12 hours. After stimulation, the culture
supernatant was collected to quantify the concentration of secreted CXCL1 protein using the

Canine CXCL1 ELISA kit (RayBiotech, Inc.) according to the manufacturer's instructions.
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Flow cytometry

Freshly isolated neutrophils were subjected to the same pre-incubation and stimulation
procedures as those described for the qPCR assay. To evaluate LFA-1 surface expression and
verify cell viability under these experimental conditions, cells were gently washed once with PBS
and resuspended at 3 x 10° cells in PBS containing 10% goat serum (Thermo Fisher Scientific).
The suspension was incubated for 20 minutes at room temperature to minimize nonspecific
antibody binding. The cells were then stained with PE-conjugated mouse anti-human CD1la
monoclonal antibody (clone HI111, IgG1; BD Biosciences) or with a PE-conjugated mouse IgG1
K isotype control (clone MOPC-21; BD Biosciences) for 10 minutes in the dark. After staining,
the cells were washed twice with PBS containing 10% goat serum. Subsequently, 2 ul of 7-
Aminoactinomycin D (7-AAD; BD Biosciences) was added to 200 pl of the stained cell suspension
in PBS supplemented with 10% goat serum and incubated for 10 minutes to identify non-viable
cells. Flow cytometric analysis was carried out using a BD FACSLyric™ Flow Cytometer (BD
Biosciences) to determine the percentage of intact membrane cells (7-AAD negative) within the
neutrophil population and the mean fluorescence intensity (MFI). For each dog, the experiment

was conducted in three separate runs.

Static adhesion assay

To assess the effect of PPS on neutrophil adhesion to endothelial cells, a static adhesion
assay was conducted. This assay is a modification from prior human investigation®. Briefly,
CnAOEC were seeded in 96-well plates at a density of 1 x 10* cells per well and cultured in the
canine EC growth medium. The culture medium was replaced every other day until the cells
reached 100% confluence. The confluent monolayers were pre-incubated with PPS at doses of 1,
10, 50, 80, or 100 pg/ml for 3 hours. Next, the cells were challenged with rh-TNF-a at a final
concentration of 30 ng/ml for 4 hours. The positive and negative controls were treated under the
same established conditions. Freshly isolated neutrophils were labeled with Calcein-AM (Dojindo
Laboratories) and added to each well at 1 x 10° cells per well for co-incubation with treated
CnAOEC for 20 minutes. All incubation procedures were conducted in a humidified incubator at
37 °C containing 5% CO:. Fluorescence intensity was measured using a GloMax Discover
microplate reader (Promega) at an excitation wavelength of 485 nm and an emission wavelength

of 520 nm to quantify the total number of labeled neutrophils before washing. The cells were then
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gently washed twice with HBSS to remove non-adherent cells. Subsequently, 100 pl of RPMI-
1640 was added to each well for fluorescence re-measurement. Neutrophil adhesion was expressed
as the percentage of adherent cells, calculated from the fluorescence intensity values obtained

before and after washing, and normalized to the mean adherence observed in the positive control
group.
Statistical analysis

All data were expressed as the mean + SD. Statistical analyses were performed using
GraphPad Prism version 10.0 (GraphPad Software), with significance set at p < 0.05. Data
normality was evaluated using the Shapiro—Wilk test. For normally distributed data, a repeated-
measures (RM) one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test was
applied. When the normality assumption was not met, the Friedman test with Dunn’s multiple-

comparison test was used.
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Result
Effect of PPS on the viability of CnAOEC

To ensure that the observed effect of PPS on the target adhesion molecules was not
confounded by cytotoxicity, CnAOEC viability was evaluated using CCK-8 assay after 24 hours
of treatment with various PPS concentrations. The negative control group was normalized to 100%
cell viability. Following treatment, CnAOEC viability remained high across all tested
concentrations, showing 94.8 £ 4.71,93.4 + 7.69, 93.5 + 13.7,94.6 = 16.8, and 96.2 + 11.9 % cell
viability for PPS 1, 10, 50, 80, and 100 pg/ml, respectively, as shown in Figure 8. A one-way
ANOVA test revealed no statistically significant difference in cell viability among the control and
all PPS-treated groups (p = 0.974). These results illustrate that PPS, at the concentrations and

exposure duration used in this study, does not compromise the viability of CnAOEC.

Effect of PPS on adhesion molecule gene expression in rh-cTNFa-stimulated CnAOEC

The expression of endothelial adhesion molecules, including E-selectin, ICAM-1, and P-
selectin, in CnAOEC stimulated with rth-cTNFa was quantified by qPCR to determine the effect
of PPS treatment. All expression levels were normalized to the corresponding positive control.
Stimulation with rh-cTNFa markedly increased the mRNA expression of all target genes compared
with the negative control. Stimulation with rh-cTNFa induced a marked inflammatory response
compared with the negative control, resulting in a 379 + 95.4-fold increase in E-selectin, a 30.5 +
4.33-fold increase in ICAM-1, and a 3.30 + 0.32-fold increase in P-selectin mRNA expression (p
<0.05).

The relative mRNA expression of E-selectin was calculated as a fold change relative to the
positive control (set at 1.00). Treatment with PPS at 1, 10, and 80 pg/ml resulted in slightly
increased fold changes of 1.25 £ 0.12, 1.02 £ 0.24, and 1.18 + 0.74, respectively. On the other
hand, 50 pg/ml (0.88 + 0.16) and 100 pg/ml (0.84 £+ 0.32) showed mild downregulation. However,
these differences were not statistically significant among the groups (p = 0.505) (Figure 9A).

The ICAM-1 mRNA expression was also quantified as a fold change relative to the positive
control (set at 1.00). The mean fold changes for PPS at 1, 10, 50, 80, and 100 pg/ml were 1.17 £
0.13, 1.23 £ 0.17, 1.11 £ 0.08, 1.24 £+ 0.38, and 1.06 £ 0.12, respectively (Figure 9B). Despite
minor fluctuations across concentrations, no statistically significant differences were observed

within the groups (p = 0.482).
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In contrast, P-selectin expression showed a general decreasing trend in most PPS-treated
groups compared with the positive control (set at 1.00). The 1 pg/ml group demonstrated a visible
reduction (0.95 £ 0.01), which was statistically significant (p = 0.044). Slight decreases were also
observed at 10, 50, and 100 pg/ml, with fold changes of 0.99 & 0.36, 0.80 + 0.38, and 0.94 + 0.27,
respectively, although these differences were not significant. In contrast treatment with 80 pg/ml
PPS resulted in a mild increase (1.52 + 1.18), but this change was not statistically significant

(Figure 9C).

Effect of PPS on CXCL1 protein expression in rh-cTNFo-induced CnAOEC

Following 24 hours of PPS pretreatment and subsequent rh-cTNFa stimulation for 12 hours,
the CXCLI1 concentration in the culture supernatant was quantified using a canine CXCL1 ELISA
kit to evaluate the effect of PPS on CXCLI protein expression. The mean CXCL1 concentration
showed only slight variation among the PPS-treated groups, with values of 32.23 + 3.45, 33.40 +
4.13, 33.70 + 5.57, 35.86 = 5.65, and 35.78 £+ 6.19 pg/ml for 1, 10, 50, 80, and 100 pg/ml,
respectively, compared with 32.90 &+ 4.96 pg/ml in the rh-cTNFa control group (Figure 10). Note
that one group was not normally distributed. Consequently, data were analyzed using the Friedman
test followed by Dunn’s multiple comparisons test. The Friedman test indicated a statistically
significant overall difference among the treatment conditions (y*> = 11.19, p = 0.018). However,
Dunn’s post-hoc analysis revealed no significant pairwise differences in CXCL1 secretion (p >

0.132).

Effect of PPS on adhesion molecule gene expression in cytokine-induced canine neutrophils

The effect of PPS on the expression of neutrophil adhesion molecule genes, including
CXCR2, PSGL-1, and L-selectin, was investigated using neutrophils isolated from three dogs.
Each experimental condition was conducted in triplicate for every donor. Neutrophil viability
under the incubation conditions used for the gene expression assays was evaluated by 7-AAD
staining in parallel flow cytometry experiments performed under identical protocols. High
membrane integrity was maintained across all treatments (90.6-91.6%), with no significant
differences between groups (p > 0.094). Gene expression levels were normalized to the
corresponding rh-cTNFa-stimulated control condition, which was set as 1.00 within each dog, and
the mean values were used for statistical analysis. As shown in Figure 11, PPS treatment produced

only minor variations in the expression of the three genes. The CXCR2 (Figure 11A) mRNA
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expression slightly increased in fold change at 1 pg/ml (1.19 £ 0.47) and 50 pg/ml (1.14 + 0.39),
whereas a small reduction was observed at 10 pg/ml (0.85 £ 0.13). However, these variations were
not statistically significant (p = 0.427). For PSGL-1 (Figure 11B), mRNA expression was modestly
lower across all PPS-treated groups, with fold-change values of 0.92 +0.18, 0.92 + 0.19, and 0.98
+0.18 for 1, 10, and 50 pg/ml, respectively. These differences were also not statistically significant
(p = 0.605). Meanwhile, L-selectin (Figure 11C) mRNA expression showed a gradual decrease
with increasing PPS concentration, yielding fold-change values of 1.01 + 0.14, 0.88 + 0.11, and
0.87 = 0.09 for 1, 10, and 50 pg/ml, respectively. Nevertheless, these variations did not reach
statistical significance (p = 0.154). Collectively, these results indicate that PPS exposure did not
significantly influence the expression of CXCR2, PSGL-1, or L-selectin in rh-cTNFa-stimulated

canine neutrophils, although a slight tendency toward downregulation was observed.

Effect of PPS on LFA-1 expression on rh-cTNFa-stimulated canine neutrophils

This study investigated the effect of PPS on the surface expression of CD11a, the a-subunit
of LFA-1, in canine neutrophils. Neutrophils were obtained from three dogs, with three
independent experiments performed per dog. The mean value for each dog was used for statistical
analysis. The MFI of CD11a is presented in Figure 12. The rh-cTNFa control group had an MFI
of 2,775 £ 911, while the PPS-treated groups exhibited slightly lower values of 2,547 + 782 at 1
pg/ml, 2,652 + 867 at 10 pg/ml, and 2,538 + 804 at 50 pg/ml. Despite this minor reduction,
statistical analysis indicated no significant difference in CD11a surface expression among the

experimental conditions (p = 0.283).

Effect of PPS on static neutrophil adherence to rh-cTNFa-induced CnAOEC

Given the observed downregulation of P-selectin on endothelial cells following treatment
with PPS, the potential effect on neutrophil adhesion to rh-cTNFa-stimulated CnAOEC under
static adhesion conditions was further investigated. CnAOEC at passages 4-9 were used for this
experiment. Calcein-AM-labeled neutrophils, isolated from three beagles, were applied to the
endothelial cell monolayer following treatment. Three independent experiments were performed
for each dog, and the mean per dog was used for statistical analysis.

The results indicated a marked increase in neutrophil adhesion to CnAOEC in the rh-
cTNFa-challenged positive control groups compared to the negative control, showing a 5.53 +

1.38-fold increase in adherence (p < 0.05). Furthermore, the effect of different concentrations of
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PPS on neutrophil adhesion was evaluated. Overall, there was no statistically significant difference
in adhesion among the treatment groups (p = 0.276). The results are visible in Figure 13. The
relative neutrophil adhesion mean values were 1.00 £ 0.04 (PPS 1 pg/ml), 0.95 £ 0.01 (PPS 10
pg/ml), 0.97 + 0.03 (PPS 50 pg/ml), 0.97 + 0.08 (PPS 80 pg/ml), 1.02 + 0.06 (PPS 100 pg/ml)
relative to the rh-cTNFa group set as 1.00. Data were analyzed using the Friedman test. The

statistical analysis revealed no significant difference across all conditions (p = 0.276).

38



150

ns
S
> 100+ T T 1
g
©
> 50-
Q
(&)
0- T T T
N\ AN N\ AN AN
> \(‘\ \(‘\ \6\ \6\ \(‘\
O L LLEY
W NS S

Figure 8. Effect of PPS on the viability of CnAOEC.

CnAOEC were treated with various concentrations of PPS (1, 10, 50, 80, and 100 pg/ml)
for 24 hr, and cell viability was assessed using a CCK-8 assay. Data are presented as the mean =+
SD from three independent experiments and were analyzed using RM one-way ANOVA. No

statistically significant differences were observed among PPS-treated groups and the control (p >
0.05).
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Figure 9. Effects of PPS on adhesion molecule expression in rh-cTNFa-treated CnAOEC.
CnAOEC were subjected to different concentrations of PPS (1, 10, 50, 80, and 100 pg/ml)
for 24 hr and subsequently stimulated with rh-cTNFa for 6 hr. The expression levels of (A) E-
selectin, (B) ICAM-1, and (C) P-selectin were quantified by qPCR and normalized to the rh-
cTNFa-treated positive control (set at 1.00). Bars represent mean £ SD (n = 3). RM one-way

ANOVA revealed a significant decrease in P-selectin expression at 1 pg/ml PPS (p < 0.05).
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Figure 10. Effect of PPS on CXCL1 protein expression in rh-cTNFa-stimulated CnAOEC.
CnAOEC were exposed to PPS (1, 10, 50, 80, and 100 pg/ml) for 24 hr, followed by

stimulation with rh-cTNFa for 12 hr. The CXCLI1 concentration in the culture supernatant was

measured using a canine CXCL1 ELISA kit. Data were analyzed using the Friedman test with

Dunn'’s post-hoc correction. Values shown are mean + SD (n = 3).
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Figure 11. Effect of PPS on neutrophil adhesion molecule gene expression in rh-cTNFa-
stimulated canine neutrophils.

Neutrophils isolated from three clinically healthy dogs were treated with PPS at
concentrations of 1, 10, and 50 pug/ml for 24 hr, followed by stimulation with rh-cTNFa for 1 hr.
The relative mRNA expression levels of (A) CXCR2, (B) PSGL-1, and (C) L-selectin were
quantified by qPCR and normalized to the rh-cTNFa-stimulated control (set as 1.00). Data are
presented as mean = SD (n = 3). Statistical analysis using repeated-measures one-way ANOVA

showed no significant differences among treatment conditions (p > 0.05 for all genes).
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Figure 12. Effect of PPS on LFA-1 expression on rh-cTNFa-stimulated canine neutrophils.
Canine neutrophils were pretreated with PPS at concentrations of 1, 10, and 50 pg/ml for
24 hr, subsequently stimulated with rh-cTNFa (20 ng/ml) for 1 hr. The expression of CD11a, the
a-subunit of LFA-1, was evaluated by flow cytometry. Data are shown as mean + SD (n = 3).
Statistical analysis by RM one-way ANOVA found no significant difference among treatment

groups (p > 0.05).
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Figure 13. Effect of PPS on static neutrophil adhesion to rh-cTNFa-stimulated CnAOEC.
CnAOEC were pretreated with PPS (1, 10, 50, 80, and 100 pg/ml) for 3 hr, followed by
stimulation with rh-cTNFa (30 ng/ml) for 4 hr. Calcein-AM-labeled neutrophils (1 x 10°
cells/well) were added and allowed to adhere for 20 min. Neutrophil adhesion was quantified as
relative fluorescence intensity before and after washing. Data represent the mean + SD from three
dogs, each tested in three independent experiments, and the mean per dog was used for statistical
analysis. Statistical analysis using the Friedman test with Dunn’s post hoc correction showed no

significant differences among treatment groups (p > 0.05).
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Discussion

The present study aimed to investigate the effects of PPS on key adhesion molecules,
specifically E-selectin, ICAM-1, P-selectin, CXCL1, CXCR2, PSGL-1, L-selectin, and LFA-1,
and to examine dose-dependent responses in an in vitro canine base model. The results confirmed
that PPS at 1-100 pg/ml for 24 hours was non-cytotoxic to CnAOEC, indicating good cellular
tolerance under these treatments. This experimental setup aligns with previous in vitro studies,
where PPS has been applied at 1-200 pg/ml. Reported exposure durations typically range from 6
to 72 hours across various cell types to evaluate toxicity, permeability, or anti-inflammatory
effects® 126568 Furthermore, PPS has been reported to modulate gene and protein expression in
mesenchymal precursor cells within 24-48 hours of exposure, further supporting the chosen
incubation time. Overall, these comparisons support that the conditions used in this study are
consistent with established experimental parameters known to balance potential biological activity
with cellular safety. This aligns with previous findings that PPS generally could maintain cell
viability at therapeutic concentrations, with cytotoxicity usually associated with significantly
higher concentrations, prolonged exposure, and elevated sulfate levels' 4369,

Pentosan Polysulfate Sodium is a low molecular weight heparin-like compound, known for
its anticoagulant, anti-adhesive, and anti-inflammatory properties>®. Due to its structural similarity
to heparin, it can competitively interfere with selectin-mediated cell adhesion by inhibiting the
Selectin family®. Heparin has been reported as an effective P-selectin and L-selectin inhibitor,
mediating neutrophil tethering and rolling by PSGL-1. However, it was not effective against E-
selectin in vitro and inhibited neutrophil accumulation in acute inflammation in vivo*". In addition,
heparan sulfate on endothelial cells helps maintain local chemokine gradients, such as CXCLI1,
that guide neutrophil migration*®. Considering these structural and functional similarities, this
study supports the potential inhibitory effect of PPS on the targeted adhesion molecules.

In this study, PPS reduced endothelial P-selectin mRNA expression across the tested
concentrations, with a significant difference observed at 1 pg/ml. This finding matches previous
evidence that PPS is recognized as an oral P-selectin blocking agent used to treat sickle cell
disease®!). The PPS has also been reported to reduce myocardial infarction size by limiting
neutrophil accumulation through suppression of terminal complement proteins (C5a and C5b-9)%¢
28,63 These are essential for mediating P-selectin expression by promoting rapid P-selectin

translocation from the intracellular to the cell surface®?. Interestingly, the inhibitory effect on P-
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selectin mRNA was significant at 1 pg /ml but diminished at higher concentrations. This non-linear
response has been observed with other sulfated polysaccharides, in which biological activity often
depends on specific charge densities and structural conformations rather than concentration
alone??. At higher doses, excessive negative charge density may lead to non-specific electrostatic
repulsion, interfering with the specific binding interactions required to modulate selectin
expression. Thus, 1 pg/ml may represent the optimal therapeutic window for targeting endothelial
P-selectin in this model.

E-selectin expression showed a non-significant reduction at higher doses (50 and 100
pg/ml), suggesting a weaker regulatory effect compared with P-selectin. This finding is consistent
with an earlier report showing that PPS mainly interferes with P-selectin-mediated cell rolling,
while having no effect on E-selectin-dependent rolling??. On the other hand, ICAM-1 expression
was upregulated across PPS concentrations, indicating that PPS may not suppress the integrin-
mediated firm adhesion phase. This observation differs from earlier reports in other cell types,
showing that PPS decreased ICAM-1 and CXCL1 mRNA expression in TNFa-induced mice
proximal tubular cells’?, and reduced soluble ICAM-1protein level in mice lung?®. Although
CXCLI protein levels in this study varied not vary statistically, the small decrease observed at 1
pg/ml may indicate a weak inhibitory effect of PPS. This observation is supported by a previous
investigation demonstrating that PPS reduced CXCL1 cytokine levels in Chikungunya virus-
infected mice, which was associated with reduced neutrophil infiltration®?.

In neutrophils, PPS exposure did not produce statistically significant changes in the
expression of adhesion-related molecules. Nevertheless, PSGL-1, L-selectin, and LFA-1 showed
a consistent tendency toward lower expression across all PPS-treated groups. These results imply
suppression of molecules involved in the neutrophil tethering and rolling step, as the PSGL-1-L-
selectin complex provides an essential signal for neutrophil rolling®?, as well as the change from
low to intermediate affinity of LFA-1 also regulates this process'®. In contrast, CXCR2 expression
showed only minor variation, indicating that PPS may have less influence on chemokine-receptor—
mediated activation.

These findings suggest that PPS has a limited impact on neutrophil activation but
potentially weakly modulates the selectin-mediated rolling phase during the early stage of
adhesion. This interpretation aligns with previous studies reporting that sulfated polysaccharides,

including heparin and PPS, can mimic natural glycosaminoglycans and competitively interfere
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with selectin—ligand interactions, reducing neutrophil tethering and rolling®> #D. The lack of
significant changes in the static adhesion assay supports this interpretation. This result is
reasonable, since static conditions mainly represent the firm adhesion stage dominated by the LFA-
1/ICAM-1 interaction, while the selectin-mediated rolling phase cannot be clearly reproduced.
Therefore, the effect of PPS on selectin-dependent adhesion appears to be specific to the rolling
phase, which might be more evident under physiological flow conditions.

However, several limitations of this study should be noted. All experiments were conducted
under static in vitro conditions, which may not fully reflect the dynamic flow and complex cell
interactions that occur in vivo. Additionally, while neutrophil recruitment predominantly occurs in
post-capillary venules®?, CnAOEC were used in this study as a standardized canine macrovascular
model to ensure reproducibility. This approach aligns with previous investigations that employed
macrovascular endothelial cells, such as canine jugular vein endothelial cells'® and HUVECY?), to
define fundamental adhesion mechanisms. Future studies incorporating canine microvascular
endothelial cells could further validate these findings regarding tissue-specific responses. The
number of donor dogs and the tested PPS concentrations were limited, which may have affected
variability and statistical power. Moreover, most analyses focused on gene and surface expression,
while post-translational modifications and intracellular signaling were not examined in detail. In
the adhesion assay, PPS exposure was mainly tested in endothelial cells, and the direct response
of neutrophils was not separately evaluated. Future studies using a flow-based adhesion system
and co-culture models under cytokine stimulation, combined with a larger sample size and protein-
level analyses, are needed to confirm these findings and clarify how PPS modulates neutrophil-
endothelial cell interactions.

In summary, this chapter demonstrates that PPS exerts potential anti-inflammatory effects
on canine endothelial cells, primarily by downregulating P-selectin expression. While it showed
limited effects on firm adhesion molecules (ICAM-1) or static adhesion, the specific suppression
on P-selectin aligns with the mechanism of heparin-like compounds in targeting the early
tethering and rolling phase of the leukocyte adhesion cascade. These findings could provide a

foundation for understanding the immunodulatory role of PPS in canine in vitro model.
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Conclusion

This thesis examines the modulatory effect of two clinically relevant anti-inflammatory
agents, FZP and PPS, on key adhesion molecules and chemokines that regulate the neutrophil
recruitment cascade, particularly in a canine cell-based model. Gene expression, protein levels,
and static adhesion function were analyzed in this study. This thesis provides information on how
FZP and PPS influence the adhesion molecules that regulate the early step of inflammation.

In Chapter I, FZP demonstrated the ability to downregulate P-selectin at the transcription
level in a dose-dependent manner. However, the effect on E-selectin and ICAM-1 was limited. At
the protein level, FZP suppressed CXCL1 protein secretion from CnAOEC at a high concentration,
though this did not reach statistical significance. On the neutrophil side, FZP reduces L-selectin
and PSGL-1 mRNA expression at the highest dose. It also suppresses LFA-1 (CD11a subunit)
expression by shifting the high-expression population toward the low-expression population.
Collectively, these results suggest that FZP modulates the tethering and rolling steps rather than
the firm adhesion process. This explains why FZP did not significantly inhibit the static adhesion
assay, which predominantly measures the firm adhesion step. Overall, the findings refine the
mechanistic understanding of FZP by showing that its influence extends beyond LFA-1 inhibition
and includes selectin-associated pathways.

In Chapter II, PPS shows a more selective pattern of modulation. The PPS consistently
decreases P-selectin mRNA expression, whereas E-selectin, [CAM-1 mRNA, and CXCL1 protein
levels were minimally affected. In primary canine neutrophils, adhesion molecule mRNA showed
only mild fluctuations, and CD11a surface protein remained unchanged. Importantly, this study
confirmed that PPS was non-toxic across all treatment concentrations. Similar to FZP, the
functional static adhesion assay showed no significant inhibition, confirming that PPS targets the
selectin-mediated tethering and rolling phase rather than the integrin-mediated firm adhesion phase.

Although these two chapters were conducted individually, a quantitative comparison
reveals underlying differences in their mechanisms. The PPS demonstrated remarkable potency
regarding endothelial modulation, achieving significant downregulation of P-selectin at a
concentration as low as 1 ng/ml. However, its effect remained highly specific to the endothelium;
even at a concentration up to 100 pg/ml, PPS did not significantly alter neutrophil adhesion

molecule expression.
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In contrast, FZP exhibited a broader range of activity. While it required a higher mass
concentration (100 uM, approximately 40 pg/ml) to achieve significance, FZP successfully
downregulated adhesive targets on both the endothelium (P-selectin) and the neutrophil (L-selectin,
PSGL-1). This suggests that PPS functions as a highly potent, endothelium-specific stabilizer,
whereas FZP exerts a comprehensive blockade of the rolling complex on both cell types.

Overall, the thesis contributes conceptual and mechanistic insight relevant to the clinical
use of FZP and PPS in dogs. It clarifies the extent of their influence on early neutrophil recruitment
and delineates the differences in their anti-inflammatory profiles. Fuzapladib appears to exert
broader effects across multiple adhesive pathways, whereas PPS demonstrates mild and selectin-
focused modulation. These findings support more informed therapeutic interpretation and provide
a scientific foundation for designing future work using flow chambers, co-culture systems, protein-

level and post-translational analyses, and ultimately in vivo validation.
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Summary in Japanese
FHREROBEEIZ. CLIF . ATy BT ELA EOERMARE
BERAICKVEBICHESN, ZEEONRT—RFRIGICEVFEESIND, ZhrHHE
REEL 32 L EEOEBRE CESBIEERE%Z5| &R T, 77 7Y 7 (FZP) B4&
ORUBMEE~> b4 (PPS) 1d. RAEMEKEDBER L L TEHERICHE WL TERKRNIC
FRINTWS , LYLAEDNL, FICKICBWTIEHFFRREESFBLI T ELA
BRICHT 2 N o EFROSENLFABIERIET2ICHEBAIATOLEL , RRXT
T, ROANEHES & CFHERZ B Uz in vitro KIEET LA B UWT, FZP LU PPS
DB EZDTFEDFTNS L OBEENICAEZEL: . TEMY 7L XA L PCR (qPCR).
enzyme-linked immunosorbent assay (ELISA) &, ZH—H%A b A~ — B LUEHREE
BT VvEAEBWT, EENTF. TEHA V. BIUOMENESEEETEE L,

BIETIIFZP ICERZTH T/-ER., ZOMREERIE. INEFTICREINT
W2 LFA-1BAEA & L TOREIZBRA T, HEDIHARBZANT 5 Z EHBALHIC
7, B LAERSEE (100 pM) ICHWT, REMBICHITDS P-EL 7 F 0D
mRNA EBRABRICHEHEI N/, T oI, FHIRD L L 7 F > LU PSGL-1 mRNA
HEBICBWTH, REAECHRERRASVERIN: . BNEET v/ ICEWVWTH
BAREENRD oNAh 572 &id. FZP A° LFA-1/ICAM-1 %/ L 7-58E 7R A B
F7% K, FICTH V7880 -V Uy IBREEZENE T 3R SV E L DR
=TT 7=,

BHETIE, ~/N) VRILEYMTH D PPSH. FEFISEIRNTHREMEICEL L
-MBEEEL, SSIClEEEEA W e ERLE . AR TIE. PPS [FH&5TL
TTREICEWTAHAKRMERICEWNT P-EL7F > mRNA #REZ—8B L TP IHE., INn
T 1 pgml EWHEREICEVWTHLRO bMNTze —FH T, ICAM-1, B-EZL 7 F
CXCL1, 2 WIRFTL7cWFnoFhikEFESFICX L TH PPS (FFFAEEAZ RS
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Bh ot KRBT v A THLRERICBEEERIIRO 5NT . PPSOMRIEEL 7 F
LB =) EREICREINS Z EARINT,

WET L7 2Bl kBT L7 & 2 A, BRELGHEESA/HONICE -7z, TAabb,
PPS (I AR ICXS L TEIRNA D@ NG LEH & L THRREL7-DICX L . FZP I
REFHRIROMA DEERBICN L T, REEREFNICHE T2 2 &b >k . K@
3%, FZP & PPS O 2IEMIHIZNR IS T 2 1A F ICB T 2 BEAMAZ R LT,
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